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INTRODUCTION 13
During infection, positive-sense RNA viruses produce full-length genomic RNA and many 14 produce subgenomic RNAs (sgRNA) that can encode viral proteins or act as "riboregulators" that interact 15 with and influence the cellular and viral machinery to benefit viral infection 1-6 . Most viral sgRNAs are 16 thought to be produced directly through transcription; however, recent discoveries show that some 17 noncoding viral sgRNAs result from discrete RNA elements that block the progression of 5´ to 18 3´exoribonucleases ( Figure 1 ring-like conformation that protectively wraps around the 5´ end of the RNA structure 22, 23 . xrRNAs are 28 found broadly within flaviviruses including those that are tick-borne, are specific to insects, or have no 29 known vector 15, 24, 25 . Comparison of diverse xrRNAF sequences revealed two classes; class I (xrRNAF1) is 30 exemplified by mosquito-borne flaviviruses while class II (xrRNAF2) is found in diverse flaviviruses 25 . 31
Although aligned xrRNAF2 sequences show patterns, their three-dimensional structures are unknown, as 32 are the structures of recently reported xrRNAs from most other viral clades 7, 13 . 33 34 Recently, we structurally and functionally characterized xrRNAs from the 3¢UTRs of 35 dianthoviruses, plant-infecting positive-sense RNA viruses in the Tombusviridae family; similar to the 36 xrRNAF, they function to produce a non-coding RNA derived from the viral 3¢UTR 10,26 . Dianthoviral 37 xrRNAs (xrRNAD) also rely on a pseudoknot that forms a protective ring-like structure 26 , but they have 38 very different sequences and secondary structures compared to xrRNAF1 and the ring is formed by a 39 different set of interactions ( Figure 1 ). Although xrRNAF elements pervade the flaviviruses with 40 associated sequence and structural diversity, xrRNAD have only been identified in the three closely related 41 members of the Dianthovirus genus. This raises the question of whether xrRNAs similar to xrRNAD are 42 more widespread and diverse than currently known, and thus if they may be an underappreciated way to 43 produce or protect viral RNAs. Moreover, the only available xrRNAD crystal structure is in an "open" 44 conformation that likely represents a necessary folding intermediate before the pseudoknot forms 26 45 ( Figure 1 ). Thus, we still do not know the full repertoire of secondary and tertiary interactions required to 46 form and stabilize the exoribonuclease-resistant pseudoknot state of xrRNAD. The lack of diverse 47 xrRNAD sequences prevents conclusions about the role, prevalence, and structural diversity of this fold. 48
49
To begin to address these questions, we used a bioinformatic approach to identify more xrRNAD 50 sequences among plant viruses, identifying over 40 putative new xrRNAD-like elements in viruses 51 belonging to the Tombusviridae and Luteoviridae families. In vitro assays show that these elements are 52 indeed resistant to Xrn1 and analysis of these new xrRNAs reveals both conservation and variability. 53 Furthermore, the genomic location of these new xrRNAs suggests new roles in the generation of sgRNA 54 species that have protein-coding potential, providing evidence that xrRNA-based RNA maturation 55 pathways may be more widespread than previously anticipated. 56
RESULTS AND DISCUSSION 57
To search for xrRNAD-like elements, we used the Infernal software (Eddy lab), which enables 58 screening of massive datasets of DNA sequences for conserved structure patterns with poor sequence 59 conservation 27 . Because the Dianthovirus genus only comprises three members (Red clover necrotic 60 mosaic virus (RCNMV), Sweet clover necrotic mosaic virus (SCNMV), and Carnation ringspot virus 61 (CRSV)) 26 , we expanded our search to other plant-infecting positive-sense RNA viruses. The initial 62 search within a library of viral reference genomes (see Methods) identified two potential sequences 63 among Luteoviridae; Poleroviruses: wheat leaf yellowing-associated virus isolate JN-U3 (GenBank ID # 64 NC_035451; Infernal E-value = 0.00025, score = 44.3) and sugarcane yellow leaf virus (GenBank 65 #NC_000874; Infernal E-value = 6.5, score = 24.2). With these sequences added to the alignment, 66 subsequent searches identified > 40 candidates within the public repository of all available sequences for 67
Tombusviridae and Luteoviridae, demonstrating how powerful this tool is for computationally identifying 68 functional elements in viral RNAs 28 . 69 70 Alignment of the putative xrRNAD -like elements evealed that their predicted secondary structures 71 contain conserved helices P1, P2, and the pseudoknot, which are supported by covariation but have little 72 sequence conservation (R-scape 29 E-values for the 12 covarying base pairs in the stems and the 73 pseudoknot are within 3.10 -4 -8.10 -13 (95 th percentile = 1.10 -12 ); Figure 2A ). L1 and L2B are > 97% 74 conserved in sequence. In the case of L1 and L2B, this is consistent with their role in creating a specific 75 folded motif that promotes pseudoknot formation 26 Figure S2 ). Overall, the conserved 96 secondary structure ( Figure 2B ), the location of the exoribonuclease halt site, and the strict dependence on 97 the pseudoknot for Xrn1 resistance suggest that these newly-identified xrRNAs use a similar molecular 98 fold and mechanism as the xrRNAD, thus we classify them as such, and hereafter refer to the class as 99 xrRNATL (for Tombusviridae and Luteoviridae). 100 101 A notable structural difference between diverse xrRNATL elements is that a subset of xrRNAs 102 found in the Tombusviridae family (RCNMV, SCNMV, CRSV, OPMV, MCMV) possess a P3 stem-loop 103 immediately downstream of the pseudoknot (Figure 2A ; Tables 1 and S1). We previously showed that 104 this part of the sequence is not required for Xrn1 resistance by xrRNATL in vitro 26 . Consistent with this, 105 an analogous stem-loop (P4) found in xrRNAF1 is also dispensable in vitro; the crystal structure indicates 106 it may stabilize the pseudoknot through stacking interactions ( Figure 1 (Table 1) , as are the previously characterized 111 dianthoviral xrRNATL and xrRNAF1-F2. In MCMV, the first nucleotide of the P1 helix matches the 5´ end 112 of sgRNA2 30 , thus this new xrRNA element probably blocks Xrn1 to generate non-coding sgRNAs 113 derived from the 3¢UTR, as with the dianthoviruses, flaviviruses, and other xrRNAs. However, for some 114 members of the Tombusviridae family as well as for Poleroviruses, xrRNATL is located in an intergenic 115 region, within 5-20 nt from the translation start site of ORF3a, and ~ 135 nt from the start site of a 116 readthrough protein encoded by ORF3-5 (our data suggest that ORF3a has not been annotated for all 117
Poleroviruses; Table S1 ). ORF3a codes for protein P3a, which is essential for long-distance movement of 118 the virus in plants 31 . Translation of ORF3a occurs from sgRNA1, generally at a non-AUG codon (Tables 119 1 and S1) 31-33 . This implies that these xrRNAs, rather than functioning in non-coding RNA production, 120 act to produce or maintain protein coding RNAs ( analyzing sgRNA 5¢ termini from other viruses, as certainly not all xrRNA elements were identified by 131 the algorithm used here 5,7,37 Intriguing candidates for novel xrRNA identification are viruses in which no 132 obvious promoter elements for sgRNA production were identified, or viruses in which putative promoter 133 sequences are downstream of the sgRNA 5¢ end 1,5,30,37 . Many questions remain that pertain to 134 understanding the structural/sequence requirements for Xrn1 resistance, the degree to which structural 135 variation is tolerated, and how sequence diversity is integrated into similar folds 38 . The now-expanded set 136 of xrRNATL candidates provides a broader phylogeny for future bioinformatic and structural studies that 137 will address these points. In Ugene, we systematically added new hits from Infernal to the alignment, only when they met the 175 following criteria: (1) the sequence shows variation in more than 3-5 locations from the sequences already 176 in the alignment; (2) the Infernal E-value is < 0.05; (3) the Infernal score is > 10; (4) the genomic context 177 is coherent with that of the sequences already in the alignment. But a key in expanding the alignment 178 further was to also analyze potential hits with a higher E-value / a lower score, as they would often 179 correspond to positive hits but with a larger sequence or structure variation. By the time the alignment 180 reached a size of 10-12 sequences, we were able to retrieve most of the sequences that made it into the 181 final alignment through further iterations of Infernal searches and manual addition to the alignment. Hits 182 for unclassified viruses were also retrieved from large-scale transcriptomics data of invertebrate and 183 vertebrate-associated RNA viruses, using the deposited sequences 40, 41 . In vitro Xrn1 resistance assays. 4 µg RNA was resuspended in 40 µL 100 mM NaCl, 10 mM MgCl2, 50 261 mM Tris pH 7.5, 1 mM DTT and re-folded at 90°C for 3 minutes then 20°C for 5 minutes. 3 µL 262 recombinant RppH (0.5 µg/µL stock) was added and the samples were split into two 20 µL reactions (-/+ 263 exoribonuclease). 1 µL of the recombinant Xrn1 (0.8 µg/µL stock) was added where indicated. All 264 reactions were incubated for 2 hrs at 30°C using a thermocycler. The degradation reactions were resolved 265 on a 7 M urea 8% denaturing polyacrylamide gel and stained with ethidium bromide. Figure S1 ). Y = 427 pyrimidine; R = purine. Non-Watson-Crick base pairs are shown using the Leontis-Westhof nomenclature 428 43 . The numbering is that of the crystal structure of the SCNMV xrRNAD (now referred to as xrRNATL) 26 . 429 (b) Phylogenetic relationship between various plant viruses, based on the RNA-dependent RNA 430 polymerase amino acid sequence 32 . The viruses and corresponding genera in which we identified 431 xrRNATL structures are marked by a star. Numbers at the nodes refer to bootstrap values as percentages 432 obtained from 2000 replications, shown only for branches supported by more than 40%. Branch length is 433
proportional to the number of changes. Additional analysis will likely reveal xrRNATL elements in more 434 of these viruses with additional sequence and structural variation. Also, sgRNAs produced by subgenomic promoters could be "trimmed" or protected by xrRNAs (not 454 shown). Note that only some Umbraviruses (e.g. OPMV) possess two xrRNATL elements. Colored boxes 455 symbolize ORF organization in the plant viruses examined in this study. 456
